All extra-solar planet masses that have been derived spectroscopically are lower limits since the inclination of the orbit to our line-of-sight is unknown except for transiting systems. In theory, however, it is possible to determine the inclination angle, i, between the rotation axis of a star and an observer's line-of-sight from measurements of the projected equatorial velocity (v sin i), the stellar rotation period (P rot ) and the stellar radius (R * ). For stars which host planetary systems this allows the removal of the sin i dependency of extra-solar planet masses derived from spectroscopic observations under the assumption that the planetary orbits lie perpendicular to the stellar rotation axis.
technique, however, only returns a minimum mass M sin i (where M is the mass of the planet, and i is the inclination of the normal to the planetary orbital plane to the observer's line-of-sight), which is a firm lower limit to the true planetary mass. Indeed, the inclination (and hence true planetary mass) can only be determined accurately for those planets which transit their host star. With only ∼ 70 transiting planets known, this leaves the vast majority of planets with only lower-limits placed on their masses. Improving the mass determinations of these planets has obvious benefits for planet formation modeling and for studying the planet mass distribution.
In this paper we present a method for estimating the orbital inclinations and hence true masses of non-transiting extra-solar planets. We then apply this method to the extrasolar planet systems for which there is sufficient data available, and investigate the impact that the corrected masses have on our knowledge of extra-solar planet properties. Finally, we conclude with a look at the improved measurements that should be made to make this technique more robust.
ESTIMATING THE ORBITAL INCLINATIONS OF EXTRA-SOLAR PLANETS
It is possible to determine the inclination angle, i, between the rotation axis of the extra-solar planet host star and the observer's line-of-sight. By combining measurements of the star's projected equatorial velocity (v sin i), the stellar rotation period (Prot) and the stellar radius (R * ) one can determine sin i from
Indeed, this method has previously been applied by Gonzalez (1998) to 7 exoplanet host stars, as well as by Cameron & Foing (1997) to determine the inclination of the rotation axis of the extensively Doppler-imaged young star AB Dor, for example. Equation 1 can then be used to lift the sin i degeneracy in calculating extra-solar planet masses using spectroscopic observations if it is assumed that the planetary orbits lie perpendicular to the host star's rotation axis. Certainly, this condition holds true for our solar system, which has an angle between the plane of the ecliptic and the solar equator of around 7
• (Beck & Giles 2005) . The degree of alignment between the stellar spin axis and the planetary orbit can also be measured for transiting extra-solar planets using the Rossiter-McLaughlin effect (e.g. Gaudi & Winn 2007) . So far this has been carried out for 26 planet systems (see Winn et al. 2005; Winn et al. 2007; Wolf et al. 2007; Narita et al. 2007; Johnson et al. 2008; Cochran et al. 2008; Hébrard et al. 2008; Bouchy et al. 2008; Winn et al. 2008; Johnson et al. 2009; Winn et al. 2009; Narita et al. 2009; Pont et al. 2009; Triaud et al. 2009; Gillon et al. 2009; Narita et al. 2010; Anderson et al. 2010; Jenkins et al. 2010) ; Simpson et al. 2010; Queloz et al. 2010; Triaud et al. 2010) .
Of these 26 systems, 7 appear to have appreciable misalignment angles. These are HD 80606b, XO-3b, HAT-P-7b, WASP-2b, WASP-8b, WASP-14b, WASP-15b and WASP17b. However, Hébrard et al. (2008) suggest that the spinorbit misalignment measured for XO-3 may be due to a systematic error as a result of the high airmass at which their observations were carried out. We should also note that at first the spin-orbit misalignment of HD 17156 was measured to be 62
• ± 25
• by Narita et al. (2008) , though the more recent work by Cochran et al. (2008) concluded that the planetary orbital axis is, in fact, very well aligned with the stellar rotation axis. Pont et al. (2009) have reported a ∼ 50
• misalignment in HD 80606. This system is a binary, and the misalignment may well arise through the action of the Kozai mechanism (e.g. Takeda & Rasio 2005; Malmberg et al. 2007 ). HD 80606b also exhibits a large orbital eccentricity, no doubt as a result of the Kozai interactions. In addition, WASP-8b is part of a triple system ) and therefore its mis-alignment angle is also most likely due to the Kozai mechanism. This leaves 4 planetary systems with confirmed mis-alignment angles for which no stellar companion is yet known. Whether the Kozai mechanism is a dominant process affecting the orbital evolution of exoplanets in non-binary systems is yet to be seen, but obviously some caution must be applied when assuming spin-orbit alignment. For now, however, we will work on the premise that this assumption is a reasonable one for single stars.
In order to measure the orbital inclination of extra-solar planets, we can see from equation 1 that we require just 3 quantities, v sin i, R * and Prot. The projected stellar equatorial rotation-velocity, v sin i, can be measured using high resolution spectroscopy. While the stars targeted by extra-solar planet hunts are generally slowly rotating (in order to avoid spurious radial velocities introduced by magnetic activity generated in rapidly rotating stars), the spectrographs used for hunting extra-solar planets are high-resolution instruments. Thus most extra-solar planet host stars have their line-broadening measured. One possible caveat with these measurements is that the stellar rotation may no longer be considered the sole line-broadening mechanism and other mechanisms, such as turbulence (see Section 8 for a discussion), may have to be taken into account.
The radii of the extra-solar planet host stars can be estimated in a variety of ways. While some stars may have their radii measured directly via interferometry, lunar occultations or transits/eclipses (e.g. Fracassini et al. 2001) , the majority are estimated using indirect methods. The most common method is to combine stellar luminosities derived from bolometric corrections and Hipparcos parallaxes with effective temperatures (determined from spectral synthesis modeling) to determine the stellar radii. Indeed, have done exactly this for a large number of extra-solar planet host stars, and quote a median error on the radii of ∼3 per cent.
In addition to the published values of the stellar radii, we have also used the Barnes-Evans technique to estimate the angular diameters of the extra-solar planet host stars. We have used the (V-K) colour -angular diameter relation of Fouque & Gieren (1997) , who established the following empirical surface brightness (Fv) -colour relationship:
When combined with the absolute visual magnitude, Mv, the surface brightness parameter Fv calculated in equation 2 can be used to determine the radius of the star, in solar radii, using equation 2 of Beuermann et al. (1999) : R * = 10 0.2× .
Thus, only the Mv of the host star is required, which can be calculated from the V −band magnitude and parallax measurements from Hipparcos. We have also taken into account extinction using the reddening law from Fouque & Gieren (1997) :
and the absorption law from di Benedetto & Rabbia (1987) :
where Av is the visual absorption coefficient, E(V − K) the V − K colour extinction, d the distance to the star in kpc and b the galactic latitude. We note that the stellar radii and associated error bars we derive from the Barnes-Evans technique are in excellent agreement with the published stellar radii for extra-solar planet host stars showing an rms scatter of 6.7 per cent. This scatter is largely Gaussian in nature, except for a number of notable outliers. Indeed, on close inspection we find that out of the 373 individual stellar radii measurements presented in this work, 11 disagree with the Barnes-Evans derived radii by 3 − sigma or more. Statistically we would not expect more than 1 or 2 measurements to lie beyond 3-σ. On closer inspection, apart from HD 41004A, all of the outliers (HD 6434, HD 33283 (2 discrepant measurements), HD 33564, HD 82943, HD 89744, HD 128311, HD 145675, HD 186427 and HD 216437) have other radii measurements which agree well with the BarnesEvans derived radius. We can only surmise that these discrepant points are, therefore, due to systematics. This leaves one final quantity, the rotation period of the star, Prot, to be determined. Unfortunately, for the reasons stated earlier, the majority of stars targeted in extra-solar planet hunts are not highly active stars. Therefore, their rotation periods generally cannot be measured by tracking of large, cool starspots on their surfaces, for example. They are often, however, sufficiently active to show Ca ii H and K emission in their spectra. Noyes et al. (1984) derived the ratio, R ′ HK , of Ca ii H and K chromospheric emission to the total bolometric emission for a number of stars whose rotation periods were known from variability in their light curves. They found that, as expected from stellar dynamo theory, the mean level of Ca ii H and K emission is correlated with rotation period. In addition, the emission also depends on the spectral type (probably due to convective zone depth). Noyes et al. (1984) were then able to determine the following rotation period -activity relationship for main-sequence stars, log (Prot/τ ) = 0.324 − 0.400y − 0.283y 2 − 1.325y 3 ,
where y = log(10 5 R ′ HK ). The value for the convective turnover time, τ , can be obtained from the empirical function, log τ = 1.362 − 0.166x + 0.025x 2 − 5.323x
3 : x > 0 1.362 − 0.14x : x < 0
where x = 1 − (B − V ). Thus the stellar rotation period can be determined from equation 6 if R ′ HK and the B − V colours are known.
We are in the fortunate position that many of the extrasolar planet hosts have published R ′ HK values, since investigators generally wish to show that the host stars exhibit low-level magnetic activity and hence discard activity as the cause of radial velocity variations. Furthermore, most extra-solar planet hosts are bright stars, of which several have been observed by long-term surveys such as the Mount Wilson H-K survey that started in the mid-1960's (Wilson 1978) . Since the level of Ca ii H and K emission may vary with time due to, for example, solar-like activity cycles or rotation of magnetic regions, R ′ HK measurements need to be averaged over a suitably long (∼decade) baseline. Given a suitable span of observations, Noyes et al. (1984) found that they could predict the rotation periods of stars with a reasonably high accuracy. Obviously, for stars where only a few R ′ HK observations have been made, the error on the rotation period may be much higher due to intrinsic variability in the Ca ii H and K emission. This is discussed in section 3.1
APPLICATION TO KNOWN EXTRASOLAR PLANETS
In order to calculate the sin i's of the extra-solar planet hosts, we have conducted an intensive literature and database search to determine the 3 quantities v sin i, R * and log R ′ HK . The values we have found are presented in Table 1. Extra-solar planet host stars for which we could not find estimates of all 3 quantities (v sin i, R * and log R ′ HK ) are not presented in this table. Where identifiable, we have attempted to remove any duplicate measurements. For example, many of the v sin i measurements taken from the NASA Stellar Archive and Exoplanet Database (NStEDsee http://nsted.ipac.caltech.edu/) were found to be rounded values from and have therefore not been included in Table 1 in these cases.
The values in Table 1 have then been used to determine v sin i, R * and Prot for each star in our sample to obtain sin i via equation 1 as follows. We have taken a weighted mean for the final values of v sin i and R * (the latter includes our radius estimate derived from the Barnes-Evans technique). Where no error was quoted for a value of v sin i we have taken it to be 1.0 km s −1 , which is twice the typical error assumed on v sin i measurements (see the catalogue of , for example). Regarding radii with no associated error estimate, we have taken the error to be 10 or 20 per cent of the absolute value. We have chosen 10 per cent when the only radius measurement/s available for a particular star do not indicate uncertainties. Where there is more than one radius estimate for a star, of which one or more do not include error bars, then we have assumed the error bar to be either 10 or 20 per cent. We chose whether to adopt a 10 or 20 per cent uncertainty such that radii estimates with associated error bars were given a higher weighting than those without formal error bars in the final weighted mean.
Adopted log R ′

HK values and errors
The adopted values and error estimates for the log R ′ HK measurements require special mention. A comprehensive literature search has been conducted and for each log R ′ HK measurement reported in Table 1 we have determined, where possible, the number of observations and period span over which they were carried out. This detailed information is summarised in Table 6 . Where details of the log R ′ HK measurements are either not present or are ambiguous, we have assumed that they are from a single observation and have flagged them as 'individual?'. Where available we have also quoted any reported variations or error estimations in either the S-index (see Wright et al. 2004 for the definition of Sindex, but note that their equation 10 is in error and the left-hand side should read log C cf (B − V ) = . . .) or log R ′ HK measurement. These reported errors should be treated with caution since in many cases they only represent the measurement accuracy and do not sample variations in the Ca H & K emission over the course of the stellar rotation and/or activity cycle.
After establishing how well monitored each star was, they were then assigned a grade of P (Poor), O (O.K.), G (Good) or E (Excellent). A grade of 'poor' was assigned to stars with only a few individual log R ′ HK measurements which would not be sufficient to sample the variation of chromospheric emission throughout a stellar rotation. 'O' was assigned to stars with a few observations spaced over several months where the stellar rotation was probably adequately sampled, but not the activity cycle. A grade of 'good' was assigned to stars with more than 2 years worth of observations where the stellar rotation would be well sampled, but probably only a portion of any activity cycle present had been covered. Finally, a grade of 'excellent' was assigned to objects with over a decade of log R ′ HK measurements available which covered any likely activity cycle. Vaughan et al. (1981) present a study of chromospheric Ca H & K variations as a function of stellar rotation for 46 lower main sequence field stars. Their results show that, on average, rotation causes the modulation of the S-index (and therefore also the log R ′ HK measurements) by 7.3 per cent for F-stars, 9.4 per cent for G-stars, and 13 per cent for K-stars. We refer to these values as the average rotationally modulated variations or ARMV. In addition, Vaughan et al. (1981) show that modulations due to activity cycles are typically twice that caused by rotation. We have used this to assign general error bars on the log R ′ HK values for our stars dependent upon their spectral type and assigned grade (P, O, G, or E) as follows:
• Grade P: 2.0 × the ARMV, • Grade O: 1.5 × the ARMV, • Grade G: 1.0 × the ARMV, • Grade E: 0.5 × the ARMV.
Thus, stars with only a few individual observations are assigned an error that would cover the entire range in Ca H & K variations seen over a typical activity cycle. The error bars assigned to the other categories are somewhat ad-hoc, but signify an improvement in the reliability of the average log R ′ HK as the sampling of the activity cycle is improved. Given the amalgamation of sources for the log R ′ HK observations, we feel this is as robust an error treatment that the data can be given in most cases. For objects with several independent log R ′ HK measurements, this error assignment generally covers the observed variations well. In the few cases where they do not, we have expanded the error bar to cover the observed log R ′ HK variations appropriately. Finally, for objects whose activity cycles have been well monitored and for which we can define a maximum variation across the cycle, we have taken these limits as representing the 3-σ variation on the average log R ′ HK value. (For example, if a well sampled star has a mean log R ′ HK = -4.9 but varies from -4.8 --5.0, we assigned a 1-σ error = 0.1/3).
Where two or more log R ′ HK measurements are available we have taken a weighted mean of their values. The weightings are based on either how many observations have been taken, or the time span over which the observations were taken, depending on what information exists. We have then calculated the stellar rotational period using the Noyes et al. (1984) relationship and B − V values from the NStED database. The rotation periods and the associated error bars we have calculated are presented in Tables 2 & 3 and can be compared to the rotation periods obtained in the literature shown in Table 1 . Note, however, that we found several cases where authors have clearly calculated the rotation period from log R ′ HK incorrectly (see Appendices A and B).
MARKOV-CHAIN MONTE CARLO ANALYSIS
Equation 1 can be thought of as a naive estimator of sin i. By simply inputting the derived values for v sin i, R * and Prot for each host star (as discussed earlier) it is possible to obtain an unconstrained distribution of sin i values (i.e. values of sin i > 1 are possible). Due to uncertainties in v sin i, R * and Prot, this naive estimator will, however, occasionally yield unphysical sin i values greater than 1. Table 2 lists all the exoplanet host stars which yield a sin i > 1 as calculated from equation 1, along with their formal error bars. For the purposes of this paper, however, we wished to carry out a Markov-chain Monte Carlo (hereafter MCMC) analysis on the extra-solar planet host stars. MCMC has the major advantage over simply using our naive estimator (equation 1) in that, not only does it provide a means of optimizing the fit of a model to data, but it also explores the joint posterior probability distribution of the fitted parameters. This means that proper 1-σ two-tailed confidence limits can be placed on the derived sin i's, as well as allowing the probability of a transit being observed to be calculated from purely spectroscopic data. MCMC has been used in several areas of astronomy, and instead of outlining in detail its operation here, we refer the readers to Tegmark et al. (2004) , Ford (2006) and Gregory (2007) , who have applied MCMC to various astronomical problems including deriving cosmological parameters from the cosmic microwave background, and deriving physical parameters of extra-solar planet systems. In particular, our version of MCMC is modified from the code used by Collier Cameron et al. (2007) to identify extra-solar planet transit candidates.
Naturally, values of sin i > 1 are unphysical, and the MCMC rejects those combinations of parameters that result in sin i > 1. If, however, we imagine the hypothetical case where we have a population of transiting extra-solar planets all with sin i = 1 then, due to measurement errors, on average half of these systems would yield sin i > 1 from equation 1. Obviously we would not want to reject these systems on this basis, since they do not contradict our null hypothesis that the measurements are free from systematic errors. One particular example of this is HD209458, which is a known transiting planet and yields sin i = 1.096 ± 0.108 from our naive estimator, equation 1 (see Table 2 ). We do, however, want to reject those systems where it is likely that there are systematic errors in their R * , Prot and v sin i measurements leading to sin i > 1. We have, therefore, included all systems from Table 2 which are within 1-σ of sin i = 1 in our MCMC analysis and have error bars < 0.5.
For the purposes of this paper, we feed the MCMC with the measured values of R * , Prot, v sin i and their associated error bars, σR, σP , σv, respectively. We assume that the stellar inclinations are randomly distributed and hence follow a uniform distribution with 0 < x < 1, where x = cos i. For the purposes of calculating the transit probabilities of the extra-solar planets, we have also assumed that the stellar mass follows the mass-radius relationship M * = R It is the 3 quantities R * , Prot and x that constitute the 'proposal parameters' with analogy to the description of the implementation of MCMC outlined by Collier Cameron et al. (2007) . We can then perform a random walk through parameter space by perturbing each proposal parameter from its previous value by a random amount:
where G is a Gaussian random number with zero mean and unit variance. The initial value of x = cos i was set to 0.5 and given an arbitrary standard deviation σx = 0.05 which was later re-evaluated empirically from the Markov chains themselves (see later).
After each perturbation, χ 2 was evaluated for the new set of proposal parameters via:
where
i ] = sin i, v sin i is the measured projected stellar rotation velocity and R * ,0, Prot,0 are the measured stellar radius and rotation period, respectively. For each jump, if χ 2 i < χ 2 i−1 then the new parameters were accepted, otherwise the new parameters were accepted with the acceptance probability given by exp −(χ 2 i − χ 2 i−1 )/2 (the Metropolis-Hastings rule). The uncertainty σx was recomputed from the Markov chains themselves every 100 successful steps by calculating the standard deviation on x over these 100 jumps.
We found that it was necessary to carry out 1,000,000 jumps in order for the MCMC to return the maximum likelihood value of sin i that accurately approached the value obtained from equation 1. The Markov chains were then evaluated (after discarding a 1000-step long burn-in phase) in order to determine the 1-σ two-tailed confidence limits on sin i. In addition, for each set of new parameters generated within the Markov chain, we evaluated whether or not the extra-solar planet (or extra-solar planets in the case of multiple systems) would transit the host star. Thus our implementation of MCMC also returns the transit probability for each extra-solar planet in the study. We should note, however, that we have assumed that the extra-solar planets follow circular orbits, so our calculated transit probabilities may not be accurate for extra-solar planets with highly eccentric orbits. Furthermore, objects are flagged as transiting if the planets centre crosses the stellar disc -the planetary radius is not taken into account. The results of the MCMC analysis are shown in Table 3 .
POSSIBLE SOURCES OF SYSTEMATIC ERRORS
While we have already highlighted possible sources of error arising from, for example, variation of the chromospheric emission due to rotation of active regions or stellar activity cycles, it is pertinent to look into other possible sources of systematics. These include potential biases as a result of differing line-of-sight effects, our use of an inhomogeneous set of data from a number of different studies, selection effects, and problems arising due to our ignorance of the physics at work that affect the measurables in equation 1. We shall discuss possible systematics affecting the estimation of the parameters in the right-hand side of equation 1 (namely Prot, v sin i and R * ) in turn.
Systematic errors on Prot
Most of the stellar rotation periods reported in this paper have been estimated from the strength of the chromospheric Ca II H & K emission with the exception of a few that have been determined photometrically. Rotation periods calculated from analysis of Ca II H & K emission are, as previously described in detail in section 3.1, impacted by variability caused by activity cycles and the temporal evolution of magnetic regions. On top of this, however, there may also be line-of-sight geometry effects to consider for given starspot or active region distributions. For instance, Doppler images of rapidly rotating active stars (e.g. Skelly et al. 2009; Watson et al. 2007; Watson et al. (2006); Cameron & Donati 2002) have revealed the presence of high-latitude and even polar spots covering a significant fraction of the stellar surface. This is in stark contrast to our Sun where spots are rarely observed at latitudes >40
• and seldomly cover more that ∼ 1 per cent of the solar surface.
Assuming that the bulk Ca II H & K emission arises from regions associated with starspots, then the distribution of spots coupled with the inclination of the stellar rotation axis to the observers line-of-sight could systematically affect the derived rotation period. For example, consider a star with a large polar active region. In this case the observer would see a larger projected area of activity when viewed at a low inclination (from above the pole) compared to the same distribution viewed edge-on at high inclinations. Under this scenario this would lead to seemingly higher levels of chromospheric activity observed in rapidly rotating stars viewed at low inclinations. This, in turn, would lead to systematically shorter Prot estimates for rapidly-rotating, low inclination stars and (from equation 1) drive the estimated sin i to even lower values. Conversely, rapidly rotating stars viewed at high inclinations would, presumably, have sin i estimates systematically biased towards higher values. Unfortunately, we are largely ignorant of the exact interplay between spot numbers, sizes and distributions and the corresponding Ca II H & K emission which makes the estimation of the magnitude of this effect beyond the scope of this paper. This is further exasperated by our lack of detailed understanding of how stellar activity varies as a function of spectral-type and stellar age (or, equivalently, rotation rate).
In addition, the majority of exoplanet host stars are, by selection, relatively inactive and therefore exhibit low Ca II H & K emission. For these stars there may be a possible bias towards measurements of higher R ′ hk values, since it should be easier to detect their Ca II H & K emission at the peak of their activity. This would cause the estimated stellar rotation rates to be too fast, skewing our sin i distribution to low values.
Systematic errors on derived v sin i's
The v sin i values quoted in this work come from a variety of sources and are not from a homogeneous sample. For many exoplanet discovery papers the value of the rotational broadening of the host star is often reported with little discussion as to how this was determined. This is of little surprise, since the authors are largely preoccupied with characterising the planet rather than the parent star. However, it raises the question of whether the reported v sin i values are accurate and, in addition, also correct relative to one another.
The observed stellar line broadening is a function of the intrinsic line-profile width, convolved with the rotationally broadened profile and the instrumental profile. Thus, to first approximation the observed line-profile full-width at half maximum (∆ obs ) is given by
where α is an arbitrary scaling constant to convert v sin i to a full-width half maximum, ξ in the intrinsic line-profile fullwidth half maximum, and ∆inst is the instrumental profile. If the instrumental profile and/or intrinsic line-profile are ignored then the derived v sin i will be an overestimate. This would drive the sin i distribution towards high values. Furthermore, this systematic bias would be more profound for slow rotators and also for systems seen at low inclinations. If the intrinsic line-profile, ξ, is not properly treated in the estimation of v sin i then, since hotter stars have broader intrinsic line-profile widths, the problem will also become progressively worse for earlier spectral-type stars. Clearly many of these potential systematic biases could be alleviated if the data were taken from a homogeneous set and analysed in a consistent manner.
Errors on R *
Most of the stellar radii presented in this work have been calculated by comparison of theoretical stellar atmosphere models to observed high-resolution spectra. As outlined by (Brown 2010) , this yields small formal errors on the radius (often better than 2 per cent), but is heavily model dependent. Brown (2010) compared the results of this technique with a group of well calibrated eclipsing binaries, as well as single stars for which good fundamental parameters were known from asteroseismology investigations. While the results of the models compare accurately with the slowly rotating, inactive, single stars in the asteroseismic sample, a discrepancy occurs when applied to the stellar components in the eclipsing binary sample. Indeed, for this sample a mass-dependent underestimate of the stellar radius by ∼ 4 per cent for low-mass stars and which gradually decreased, becoming negligible for stars with masses above ∼1.4 M⊙, was found. The explanation for this underestimation is that the more rapidly rotating active stars have their radii inflated due to blocking of energy transport in the outer convection regions by star spots. Since spots do not affect the core luminosity, the stars response to the appearance of spots is to inflate the stellar radius and/or increase the temperature of the non-spotted regions in the photosphere. Thus, more rapidly rotating stars in our sample are likely to have their radii underestimated, leading to a skew to high sin i's. Given that most of exoplanet host stars are (by selection) slowly rotating, we don't expect this to be a dominant source of systematic error. There are, however, a few cases where stars have several radii estimates available in the literature from different sources which differ quite dramatically. We are unable to offer any reasonable explanation for these discrepancies (highlighted in Section 2).
Non-Gaussianity of errors
In the Markov-chain Monte Carlo analysis performed in Section 4 we have assumed that the errors on the stellar radius, rotation period and v sin i measurements are Gaussian in nature. This assumption, however, may not be true, especially given the range of systematic errors that may exist as discussed above. While we could, technically, inject nonGaussian errors and assume modified probability distributions for each of the parameters in our MCMC analysis, any such probability distribution would have to be guessed at. We feel that, given the complexity and interplay arising due to the systematics discusses above, any such attempt might be just as misleading as our assumption of Gaussianity.
TRANSITING SYSTEMS AND TRANSITING PROBABILITIES
The transiting planets included in our literature search are summarised in Table 4 and provide a good test of how accurate our method is, since all these systems should have sin i ∼ 1. Indeed, 6 out of the 11 transiting systems have sin i's > 0.9, and 10 out of the 11 are within 2−σ of sin i = 1. The notable exception is OGLE-TR-111, which yields a wildly discrepant value of sin i = 4.518, probably due to systematic errors in measuring the stellar parameters due to its faintness (see Appendix A for more details). This probably also explains why we obtain a relatively low sin i = 0.763 for OGLE-TR-113. In addition, the extra-solar planet host star HAT-P-1 gives a low sin i = 0.747, but in this case it is actually the member of a binary system and no B − V value is available for the individual host star. We calculated a B − V value using T ef f = 5975K from and the relationship log T ef f = 3.908 -0.234 (B − V ) from Noyes et al. (1984) . It is, therefore, probable that the rotation period we have calculated from log R ′ HK and our estimated (B −V ) colour is incorrect. Finally, we find a low sin i of 0.754
−0.165 for the transiting system HD 17156. This infers a misalignment angle between the spin-axis of the host star and the orbit of the planet of 41
• +13 −21 . We note that this is consistent with the misalignment angle of 62
• measured by Narita et al. (2008) from the Rossiter-McLaughlin effect. This, however, has been more recently revised to 9.4
• ± 9.3
• by Cochran et al. (2008) . It would be interesting to confirm these observations.
The remainder of the transiting extra-solar planet host stars, however, all yield sin i's close to 1, with the TrES candidates providing particularly encouraging results. It is comforting to find that 8 of the known transiting extra-solar planets in our sample (excluding OGLE-TR-111b, HAT-P1b and HD 17156 for the reasons outlined earlier) lie within the top 20 transiting candidates as determined from our MCMC analysis. Furthermore, the technique flagged the known transiting extra-solar planet OGLE-TR-56b as the most likely to transit. This suggests that the use of MCMC could be an efficient tool in identifying extra-solar planet transit candidates from spectroscopic analysis of the host stars.
In Table 5 we have listed the top 20 spectroscopically discovered extra-solar planets with the highest transit probabilities as determined from the MCMC analysis. Naturally there is a bias for extra-solar planets with short orbital periods to be flagged as more probable transit candidates on account of their close proximity to the host star. This means that any long-period extra-solar planet that has a relatively high transit probability is worthy of mention, since such planets are more likely to have been overlooked in targeted transit searches. From Table 5 , HD117176b is perhaps the most interesting candidate. With an orbital period of 116.689 days it would be of no surprise if transits had been missed.
RESULTS
For the purposes of this paper, we have adopted the Working Group on Extra-solar Planets definition of a planet to be an object below the limiting mass for thermonuclear fusion of deuterium, currently calculated to be 13MJ . It is comforting, therefore, to find that only 6 extra-solar planet candidates in our sample have calculated masses that place them over this deuterium burning limit. These are HD 81040b (17.1 MJ ), HD 136118b (14.5 MJ ), HD 141937b (17.6 MJ ), HD 162020b (147.8 MJ ), HD 168443c (18.1 MJ ) and HD 202206b (17.7 MJ ) . Of these 6, HD 168443c and HD 202206b already had minimum masses calculated to be > 17.4 MJ . Of the remainder, only HD 162020b has a revised mass that puts it significantly above the 13 MJ cut-off for planetary status and, with a calculated true mass of 148 MJ , we suggest that the companion is most likely an ∼M4 dwarf. Including the errors on sin i, we find a possible minimum mass (at the 1-σ level) of 67 MJ , and thus the possibility of a brown dwarf companion cannot be ruled out. We believe that a companion mass much larger than 148 MJ is unlikely since it would have a clear spectral signature. Interestingly, Udry et al. (2002) use tidal dissipation arguments to conclude that the companion to HD 162020 is probably a brown dwarf, although they could also not rule out a low-mass star, in agreement with our results. Fig. 1 shows a histogram of the cos i values obtained from the MCMC analysis for the spectroscopicallydiscovered systems in our catalogue. This shows a peak at high inclinations where the systems with naive estimators of sin i > 1 pile up at sin i = 1 in the subsequent MCMC analysis. Given an isotropic distribution of stellar rotation inclination angles, one would expect the cos i distribution to be flat. However, since the amplitude of a planets' radial velocity signal decreases with sin i then we would expect planet detectability to also drop off towards low sin i. There does, however, seem to be a slight excess of low inclination systems, with a general decrease in the number of systems populating higher inclinations (ignoring the pile-up). We interpret this overall shape of the distribution to be due to systematic errors pushing high and moderately inclined stars into the cos i = 0 'spike'. Indeed, one could envisage redistributing the cos i ∼ 0 systems to lower inclinations, thereby flattening out the observed distribution.
This gives us some confidence that our rejection of stars with naive sin i estimates greater than 1-σ above sin i = 1 is reasonable. Inclusion of more objects with naive estimates of sin i > 1 in the MCMC analysis would simply produce a large number of systems with sin i very close to 1 and very small sin i uncertainties on account of enforcing our prior knowledge that sin < 1. For these reasons, inclusion of these objects would be questionable as it is likely that the errors have been underestimated in for these objects, or they are affected by systematics.
A summary of our findings are presented in Fig. 2 , which shows both the minimum extra-solar planet masses and 'true' masses versus properties such as number frequency, orbital semi-major axis, orbital eccentricity and host star metallicity. In order to make the comparison fair, we only plot the minimum extra-solar planet masses for those planets which have been included in the MCMC analysis (i.e. only those systems presented in Table 3 ).
Comparing the results of the minimum and true extrasolar planet masses versus number frequency (top panel, Fig. 2 ), we still find that lower mass extra-solar planets are more common, with a tail of high-mass companions. This mass distribution can be roughly characterised by the power-law dN/dM ∝ M −1.1 , and does not change appreciably once the sin i dependency has been removed. This has previously been noted in a purely statistical analysis of extra-solar planet masses by Jorissen et al. (2001) . It is often cited (e.g. Jorissen et al. 2001 ) that the number of planets with minimum masses above 10 MJ is essentially zero -suggesting that planetary formation is a distinct process from that which forms low-mass and substellar (e.g. brown dwarf) objects. When considering their true masses, the planet frequency appears to drop to zero around a slightly higher limit of ∼13 MJ . Interestingly, this corresponds to the adopted upper mass-limit for a planet at the planet/brown dwarf boundary. Given the low number of extra-solar planets in this mass range, however, it is difficult to definitively place a higher mass 'cut-off' for extra-solar planets.
Figs. 2c & d show the extra-solar planet minimum masses and true masses versus orbital eccentricity, respectively. It can be seen that when considering just the extrasolar planet minimum masses, there is a dearth of low eccentricity (e < 0.2) extra-solar planets for minimum masses greater than ∼ 6MJ , as already noted by several other authors (e.g. Butler et al. 2006) . When one considers the true masses, however, we find 6 extra-solar planets with masses in the range 6 − 12MJ , along with one brown dwarf companion (all indicated by triangular markers), with e ∼ 0.2.
These high-mass, low-eccentricity (hereafter HMLE) planets are also indicated in Fig. 2f which plots semi-major axis versus true extra-solar planet mass. We find that these HMLE extra-solar planets have a wide range of semi-major axes, including one that has one of the largest semi-major axes included in our sample. Therefore, one presumably cannot just appeal to orbital circularisation through tidal forces due to the planet's close proximity to the host star to explain these HMLE extra-solar planets.
We have applied the Hartigan dip-test (Hartigan & Hartigan 1985) to check for the nonunimodality of the distribution of orbital eccentricities for exoplanets with masses greater than 5MJ , rejecting objects above 13MJ . This returns a 55 per cent probability that the eccentricity distribution is not unimodal and may, therefore, be indicative of two different populations of exoplanets. A larger sample of extra-solar planets in the > 5MJ mass range is needed before any firm conclusions about the significance of these HMLE extra-solar planets can be drawn. A larger sample of high mass extra-solar planets would also help to establish whether the gap in orbital eccentricities between e = 0.2 -0.3 for high mass extra-solar planets apparent in Fig. 2d is real. If confirmed, however, the presence of these HMLE extra-solar planets, and the gap in orbital eccentricities between e = 0.2 -0.3, hints at a distinct evolution and/or formation process for these extra-solar planets.
Studies of brown dwarfs and spectroscopic binaries have shown that they exhibit a similar eccentricity distribution to the higher-mass extra-solar planets (extra-solar planets exhibit a trend of increasing mean orbital eccentricity with increasing mass, as mentioned earlier). This has led Ribas & Miralda-Escudé (2007) to suggest that the eccentricity-mass distribution of extra-solar planets may provide a signature of different extra-solar planet formation mechanisms. They hypothesize that there are two formation scenarios for extra-solar planets. The first is that the low-mass population forms by gas accretion onto an ice-rock core within the circumstellar disk, and initially form in circular orbits and grow their eccentricities by varying amounts later. The second is that the high-mass population forms directly from fragmentation of the pre-stellar cloud (in the same manner as brown dwarfs and binaries) and would initially be located in far larger orbits. The subsequent longdistance migration required to bring them to their current positions is then postulated to drive these higher mass extrasolar planets to much larger eccentricities.
If Ribas & Miralda-Escudé (2007) are correct then this might suggest that the candidates we have identified as HMLE extra-solar planets in Fig. 2 have formed along the same route as the low-mass planets, i.e. through gas accretion onto a rock-ice core rather than via fragmentation. In order to form such massive planets by gas accretion, we might expect the host stars to have higher metallicities. Figs. 2g & h show host star metallicity [Fe/H] versus M sin i and true mass, respectively, with the HMLE extrasolar planets indicated by triangles. We note that 5 of the HMLEs are indeed around host stars with high metallicities but the remaining HMLE candidate happens to be around one of the most metal poor host stars in our selection. The anonymous referee has pointed out that the conclusion that the HMLEs should have higher metallicities is not the only possibility, and that formation in a high-mass disc could supply the right environmental conditions as well. Obviously, the true masses of more extra-solar planets need to be calculated before any sound conclusions as to whether these HMLEs truly constitute a distinct population, and the clues they may give us about planetary formation, can be made.
DISCUSSION AND CONCLUSIONS
Under the assumption that the rotation axes of extra-solar planet host stars are aligned perpendicularly to the planes of the extra-solar planetary orbits, we have used measurements of R * , v sin i and Prot to remove the sin i dependency from 133 spectroscopically-determined extra-solar planet mass determinations. We find that, bar two problematic cases, the inclination angles of all the known transiting extra-solar planets in our sample are commensurate with sin i = 1, as expected. Using a Markov-chain Monte Carlo analysis, we have also computed the transit probabilities of all 133 extrasolar planets from purely spectroscopic measurements. We find that all 8 known transiting extra-solar planets with reliable parameter determinations lie in the top 20 most probable transiting candidates. This gives us some confidence that not only can the technique outlined in this paper be used to correctly estimate the true masses of extra-solar planets, but also that MCMC can reliably identify extra-solar planet transit candidates from spectroscopic measurements.
We find that only 6 out of the 133 extra-solar planets have masses that place them over the standard 13MJ upper limit for planets, which indicates that the vast majority of extra-solar planet candidates found by spectroscopic means are truly planetary in nature. We also find evidence for a population of high-mass extra-solar planets with low orbital eccentricities that is not apparent when only extrasolar planet minimum masses are considered. It is possible that these extra-solar planets may have formed along a different path to the other high-mass extra-solar planets. This suggests that, while some high-mass planets may well form through fragmentation resulting in high eccentricity orbits as suggested by Ribas & Miralda-Escudé (2007) , not all high mass planets form in this way.
Only by calculating the true masses of more extra-solar planets can such distributions, and their impact on our understanding of both planet and brown dwarf formation, be properly studied. With 453 extra-solar planet candidates, there are still over 300 extra-solar planets for which we could not find the necessary data to determine sin i, or for which the data were unreliable and yielded sin i's significantly greater than 1. There are several observational prob-lems to overcome. In order to calculate the rotation period of the star we generally must rely on measurements of the strength of the chromospheric Ca ii H & K lines and apply the chromospheric-emission / rotation law of Noyes et al. (1984) . The Noyes et al. (1984) relation has obvious drawbacks (i.e. it is not a direct measurement of the stellar rotation period), and the Ca ii H & K emission in these stars may be variable over long-time scales due to, for example, magnetic activity cycles like the 11-year solar cycle. Thus measurements of Ca ii H & K need to be averaged over a suitably long time-span in order to derive a reliable rotation-period. Whilst we are in the fortunate position that large Ca ii H & K surveys like the Mt. Wilson survey have observed many extra-solar planet host stars for several decades now, there are still many host stars where only one brief 'snapshot' of the chromospheric emission is available from the planet discovery paper. We plan to commence the targeted monitoring of chromospheric emission from extra-solar planet host stars, not only to obtain a long-term average of the chromospheric emission from these stars, but also to see if variations in the indicators over the actual rotation period of the star can be identified. This would give a direct measure of the stellar rotation period.
The next observational problem is the determination of the projected stellar equatorial velocity, v sin i. Again, the nature of the hunt for extra-solar planets means that the host stars are almost always observed with high-resolution echelle spectrographs from which the line-broadening can be measured. Due to the low (typically ∼ 2 km s −1 ) rotation velocities of these stars, rotational broadening is no longer the dominant line-broadening mechanism, and other mechanisms such as thermal broadening and turbulence need to be taken into account. Many of the quoted v sin i measurements in the literature do not fully account for these effects, which require the use of stellar atmosphere models to estimate the true level of broadening due to rotation. We plan to systematically analyse the spectra of extra-solar planet host stars to produce accurate v sin i measurements taking into account other broadening mechanisms.
Finally, we note that the inclination of the rotation axis of stars can be measured using asteroseismology. Gizon & Solanki (2003) present a technique which determines the stellar axial inclination from observations of lowdegree non-radial oscillations which are strong functions of i. They find that the inclination angle can be measured using this method to within ∼ 10
• when i > 30
• . One condition for this technique to work, however, is that the star must have a high rotation rate, and this restricts the technique to stars that rotate at least twice as fast as the Sun. Since the host stars of extra-solar planets are generally slow rotators (selected in order to avoid 'jitter' in the radial velocity measurements caused by magnetic activity which is enhanced for more rapidly rotating stars), this technique will not be able to access a substantial portion of these stars. We therefore believe that, for the foreseeable future at least, the technique outlined in this paper will remain the main way in which to remove the sin i degeneracy in spectroscopically-determined extra-solar planet masses. Table 1 : Published data on the properties of 154 extra-solar planet host stars. Columns 1 and 2 give the HD and HIP catalogue number of the host star, respectively, and column 3 gives any other common name that the star may be known as. Published v sin i measurements and the associated error bar, σv, are given in columns 4 and 5, respectively. Column 6 lists the measured log R ′ HK found from the literature, and columns 7 and 8 list any stellar rotation periods and corresponding errors that are quoted. Note that the stellar rotation period may not correspond to the log R ′ HK on the same line. Actual observed rotation periods are indicated with an asterisk next to the measurement. The final two columns give the published values and error bars for the stellar radius. References for the values are indicated by the numbers in superscript and can be found at the end of the table. We have also included the radii we have calculated for each star from the Barnes-Evans relationship (reference number 93). Where rotation periods do not have an associated reference number, they have been calculated using the adjacent Prot value and the Noyes et al. (1984) chromospheric emission -rotation period relationship along with (B − V ) values taken from the NStED database. Table 1 . Subgiants are indicated with an asterisk as they may not follow the rotation period -activity relationship of Noyes et al. (1984) . Column 4 lists the stellar rotation period (in days) obtained from the measured log R ′ HK 's listed in Table 1 , and column 5 gives the error bar adopted from the scatter measured for the Ca ii H & K emission -rotation period relationship of Noyes et al. (1984) . Columns 6 and 7 give the radii and associated error bar adopted from Table 1 . See Section 3 for an in-depth discussion of how the adopted values were obtained. The final two columns give the resulting sin i value and corresponding error bar which have been calculated using equation 1 and a formal error propagation. Sub-giants are indicated with an asterisk. Table 3 : Adopted parameters and sin i estimates for extra-solar planet host stars for which we have carried out a Markov-chain Monte Carlo analysis. Extra-solar planets with sin i values more than 1-σ greater than 1 (see Table 2 ) were excluded from this analysis. Columns 1-7 are described in Table 2 . For stars with multiple planets, the first row gives the full planet name, and subsequent planets are indicated in the following rows by their designated letter only (e.g. 'c', 'd', etc.). Sub-giants are indicated with an asterisk. Column 8 lists the calculated sin i's for each star given the adopted v sin i, Prot and R * , and columns 9 & 10 list the two-tailed 1-σ error bars on sin i. Column 11 lists the exoplanet mass (in Jupiter masses) after applying the sin i correction in column 8. Finally, column 12 gives the transit probability for each extra-solar planet, where 1 indicates a 100% probability that the system shows transits. 
APPENDIX A: NOTES ON SPECIFIC SYSTEMS WITH SIN I GREATER THAN 1
From Tables 2 and 3 we can see that out of a total of 154 extra-solar planet hosts with sufficient data, 119 (77 per cent) yield sin i < 1 or are within 1-σ of sin i = 1. In this Section we discuss why some systems have calculated sin i's significantly (i.e. more than 1-σ) greater than 1.
Sub-giants
Of the 35 extra-solar planet host stars with sin i significantly greater than 1, ten are classified as sub-giants. Since the Noyes et al. (1984) chromospheric index -rotation rate relationship is calibrated for main-sequence stars only, we believe that the rotation periods of these stars determined from R ′ HK measurements may be incorrect. We have indicated the sub-giants with asterisks in Table 2 . Other systems where we can highlight potential problems which may result in values of sin i > 1 are discussed briefly below.
HD 142
In addition to being classified as a sub-giant, the (B − V ) colour of this star may be contaminated by a nearby companion as reported by the NStED database.
HD 11506
We note that Fischer et al. (2007) quote the stellar rotation period determined from the log R ′ HK measurements is 12.6 days. We, however, derive a longer rotation period of 18.3 days using the log R ′ HK value reported by Fischer et al. (2007) and the relationship from Noyes et al. (1984) . We therefore believe the rotation period quoted by Fischer et al. (2007) has been calculated incorrectly.
HD 13445
There seems to be some confusion over the v sin i value for this star. Fischer & Valenti (2005) 1.8, while adopting the limit of 0.7 km s −1 gives sin i ∼ 0.5. Given the doubt over v sin i for this star we have deemed this measurement to be suspect.
HD 27442
There is considerable doubt over the radius of this star, with estimates ranging from 3.48-6.60 R⊙. Furthermore, this star is classified as a sub-giant, hence the rotation period derived from the log R ′ HK measurements is also likely to be inaccurate.
HD 27894
This has an uncertain v sin i, with only an upper limit of 1.5 km s −1 from Moutou et al. (2005) .
HD 28185
This has an uncertain v sin i, with estimates ranging from 1.82 -3.00 km s −1 . While v sin i = 1.82 km s −1 gives sin i = 1, we feel there is too much uncertainty in the v sin i values, and hence have taken a weighted mean, placing HD 28185 in the sin i significantly greater than 1 category.
HD 75732
The calculated rotational period of the star from log R ′ HK measurements (42-47 days) is possibly related to the orbit of one of its planets, 55 Cnc c, which has a measured orbital period of 43.93 days (see Marcy et al. 2002) .
HD 86081
We note that derived a stellar rotation period of 40.1 days from their measured log R ′ HK using the calibration of Noyes et al. (1984) . Employing the same B − V colour and log R ′ HK quoted by we determine a far shorter rotation period of 27.7 days via the same relationship, and 24.83 days if we take the value of B − V = 0.641 from the NStED database. We therefore conclude that the rotation period derived by is incorrect but, despite the shorter rotation period we have calculated, we still determine sin i = 1.590.
HD 145675
While quote a v sin i = 1.56 km s −1 , Naef et al. (2004) quote an upper limit of v sin i < 1 km s −1 . This upper limit would yield sin i <0.832. Given the apparent doubt over v sin i we have decided to place this object in the sin i significantly greater than 1 category. et al. (2003) have noted a discrepancy between the assigned spectral-type of HD 216435 in the literature, which is either quoted as G0V or G3IV. They find that HD 216435 lies 1 magnitude above the main sequence, and hence this star is most likely a sub-giant. The rotation period determined from log R ′ HK is therefore suspect.
HD 216435
Jones
OGLE-TR-111
While the OGLE extra-solar planets are all transiting systems, published data for OGLE-TR-111 yields a sin i = 4.518±0.486 and is one of the most discrepant systems found in this work. We believe that this is undoubtedly due to the faintness of the OGLE targets (all OGLE extra-solar planet hosts have I > 14 whereas most extra-solar planet hosts typically have V −band magnitudes around 8 -9), which means that accurate spectroscopic follow-up is difficult. In addition, none of these systems have a long baseline of R ′ HK measurements, which means that the rotation periods are also not well known. For these reasons, we believe that systematic errors in one or more of the measurements have contributed to the highly discrepant sin i obtained for OGLR-TR-111.
Summary
In total, we can find plausible reasons explaining why 18 of the extra-solar planet host stars yield sin i's significantly greater than 1. This still leaves 17 systems for which no explanation can be given for their high sin i values.
APPENDIX B: NOTES ON SPECIFIC SYSTEMS WITH SIN I LESS THAN 1
In this Section we highlight any published data on stars that appears incorrect, and justify any decisions that have been made regarding the rejection of any published parameters from our analysis. Any other special cases that apply are also indicated here, such as the use of actual observed stellar rotation rates from photometry instead of rotation rates derived from log R ′ HK measurements, for example.
HD 1237
The value of Prot = 12.6 days quoted on the Geneva Observatory web-page and apparently derived from the Noyes et al. (1984) relationship appears to be wrong. Using the Geneva Observatory's values of log R ′ HK = -4.27 and B − V = 0.749, we derive Prot = 4.01 days. We note that Barnes (2001) use the same B − V value, but a weaker chromospheric activity index of log R ′ HK = -4.44 and derive a rotation period of 10.4 days. Using the values of Barnes (2001) , we also derive 10.4 days, and thus conclude that the Geneva Prot is quoted incorrectly.
HD 6434
The Extrasolar Planets Encyclopedia quote the radius of HD 6434 as 0.57 R⊙ (from Fracassini et al. 2001 ) and its spectral type as G3 IV. The NStED database quotes the spectral type as G2-3 V. Given the spectral type, we find it highly unlikely that the radius is actually 0.57 R⊙, and instead use the value of 1.0 R⊙ from the NStED database.
HD 16141
The Extrasolar Planets Encyclopedia quotes a radius for HD 16141 of 1R⊙ but provides no reference for this figure. Given this, and that the radius is discrepant from other estimates obtained from the literature (1.4 and 1.52 R⊙), we have rejected this radius estimate from Table 1 
HD 170469
Fischer et al. (2007) quote a log R ′ HK = -5.06 and determine the rotation period to be 13 days. Using the same value of log R ′ HK , we determine the rotation period to be 30 days. Our period agrees closely with that of Wright et al. (2004) , who find a rotation period of 31 days from a very similar measurement of log R ′ HK = -5.09. We therefore assume that Fischer et al. (2007) have calculated the rotation period incorrectly.
HD 217014
The rotation period of 21.9 days has been used since this is a measured rotation period from variability in the light curve, rather than one estimated from log R ′ HK . Table 6 : Compilation of chromospheric indices (log R ′ HK ) for the stars in Table 1 . The spectral type of the host star is given in column 2. Entries in bold give the grade assigned to each star (P = Poor, O = O.K., G = Good, and E = Excellent) followed by the weighted mean of the log R ′ HK measurements and adopted error bar (see section 3.1 for details). Reference numbers are identical to those used in Table 1 Fig. 2 of Henry et al. 2000) . Well sampled and fairly flat. Report σ = 1.40% 5 -5. 080 10 obs in 1 month bin. Report σ = 1.32% 13 -5.039 1966 -1991.5 . Fairly flat with possible long downwards trend but not strong from Fig. 1b 
